Feeder reconfiguration
Feeder Reconfiguration is a very important and usable operation to reduce distribution feeder losses and improve system security. The configuration may be varied via switching operations to transfer loads among the feeders. Two types of switches are used: normally closed switches (sectionalizing switches) and normally open switches (tie switches) (Baran & Wu, 1989) . By changing the open/close status of the feeder switches load currents can be transferred from feeder to feeder. During a fault, switches are used to fault isolation and service restoration. There are numerous numbers of switches in the distribution system, and the number of possible switching operations is tremendous. Feeder reconfiguration thus becomes a complex decision-making process for dispatchers to follow. There are a number of closed and normally opened switches in a distribution system. The number of possible switching actions makes feeder reconfiguration become a complex decision-making for system operators. Figure 1 shows a schematic diagram of a simplified primary circuit of a distribution system (Baran & Wu, 1989) . In the figure, CB1-CB6 are normally closed switches that connect the line sections, and CB7 is a normally open switch that connects two primary feeders. The two substations can be linked by CB8, while CB9, when closed, will create a loop.
Fig. 1. Schematic diagram of a distribution system
Optimum operation of distribution systems can be achieved by reconfiguring the system to minimize the losses as the operating conditions change. Reconfiguration problem essentially belongs to combinatorial optimization problem because this problem is carried out by taking into account various operational constraints in large scale distribution systems. It is, therefore, difficult to rapidly obtain an exact optimal solution on real system (Chung-Fu, 2008) . A flowchart for feeder reconfiguration algorithm is shown in Fig 2. www.intechopen.com 
Tabu search

Background
Tabu search is a meta-heuristic that guides a local heuristic search strategy to explore the solution space beyond local optimality. Tabu search was developed by Glover and has been used to solve a wide range of hard optimization problems, such as resource planning, telecommunications, financial analysis, scheduling, space planning, and energy distribution (Dengiz & Alabas, 2000) . The basic idea behind the search is a move from a current solution to its neighborhood by effectively utilizing a memory to provide an efficient search for optimality. The memory is called "Tabu list", which stores attributes of solutions. In the search process, the solutions are in the Tabu list cannot be a candidate of the next iteration. As a result, it helps inhibit choosing the same solution many times and avoid being trapped into cycling of the solutions (Glover, 1989) . The quality of a move in solution space is assessed by aspiration criteria that provide a mechanism (see Fig. 3 ) for overriding the Tabu list. Aspiration criteria are analogous to a fitness function of the genetic algorithm and the Bolzman function in the simulated annealing.
Fig. 3. Mechanism of Tabu list
Neighborhood
In the search process, a move to the best solution in the neighborhood, although its quality is worse than the current solution, is allowed. This strategy helps escape from local optimal and explore wider in the search space. A Tabu list includes recently selected solutions that are forbidden to prevent cycling. If the move is present in the Tabu list, it is accepted only if it has a better aspiration level than the minimal level so far. Fig. 4 shows the main concept of a search direction in Tabu search (Mori & Ogita, 2002) . 
Where P LOSS =total power loss I k =current flow in branch k R k =resistance of branch k l =number of feeders Let us define the ratio of power loss as (Das, 2006) .
The membership function of power loss is assigned to be trapezoidal fuzzy number demonstrated in Fig. 7 . It is fully satisfied if the system loss is smaller than PL min . Between PL min and PL max , the satisfaction level declines as the system loss becomes wider and unacceptable if exceeding PL max , thus the zero membership value given for this point. The membership value μ(PL ) t derived by this membership function can be written as
B. Membership function for load balancing
Loading balance index (LBI) represents the degree of loading among feeders. This index measures how much a branch can be loaded without exceeding the rated capacity of the branch indicates (Kashem et al., 2006) . LBI may be defined as (Peponis & Papadopoulos, 1995) .
Where B t =load balancing index for feeder reconfiguration pattern t B =set of net work branches forming loops I k,t =current capability of branch k for feeder reconfiguration pattern t max I k =maximum current capability of branch k
The load balancing index (LBI) in (4) is normalized by
Where LB t =normalized LBI for feeder reconfiguration pattern t B 0 =LBI before feeder reconfiguration
The membership function presented in Fig. 8 is used for load balancing objective. As can be seen, the load balancing index is expected to be less than LB min and not greater than LB max . Therefore, the allowable range for LB t varies from 0 to LB max . LB t is employed to compute μ(LB ) t using the membership function given below.
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C. Membership function for number of switching operations
The membership value for the number of switching operations of sectionalizing and tie switches is represented by Fig. 9 . The figure states that as long as the number of switching operations is less than SW min , unity membership value is assigned. The membership function linearly deceases if SW t lies between SW min and SW max . A zero membership value is assigned to SW t if it is greater than SW max . The membership function for the number of switching operations is expressed as
Where SW t =switching operation for feeder reconfiguration pattern t
Three-phase power flow
Power flow is an essential tool for the steady state operational analysis of power systems. The main objective of power flow analysis is to calculate the real and reactive powers flow in each line as well as the magnitude and phase angle of the voltage at each bus of the system for the specific loading conditions (Subrahmanyam, 2009) . Certain applications, particularly in distribution automation and optimization, require repeated power flow solutions. As the power distribution networks become more and more complex, there is a higher demand for efficient and reliable system operation. Consequently, power flow studies must have the capability to handle various system configurations with adequate accuracy and speed. In general, power systems in steady state analysis are operated with balanced three-phase generation and loads by the transposition of transmission lines. However, it is not always the case, particularly for radial distribution systems, because of single-phase, two-phase and three-phase loads. As a result, the models based on single phase analysis are not adequate to represent unbalanced three phase networks. The method employed as a major tool to solve the unbalanced power flow problem is based on actual phase quantities with all the relevant equipment modelled in phase coordinates. Thus, power flow solution for unbalanced case and, hence special treatment is required for solving such networks (Ranjan, et. Al., 2004) . The equivalent circuit for each line section is represented by the nominal π-equivalent model as shown in Fig. 10 , which shows a schematic representation of a line connected between bus i and bus j. This model has one series and two parallel components. The series component stands for the total line impedance consisting of the line resistance and reactance. The parallel components represent the total line capacitance, which is distributed along the line. In the pi-equivalent line representation, the total line capacitance is equally divided into two parts: one lumped at the receiving end bus and the other at sending end bus while the series line impedance is lumped in between. The series impedance and the shunt capacitance for a three-phase line are 3 × 3 complex matrices which take into account the mutual inductive coupling between the phases (Zimmerman, 1992) . If Z and Y are the 3 × 3 matrices representing the series impedance and shunt admittance, respectively, then the admittance matrix for a three-phase conductor between buses i and j is the 6 × 6 matrix in equation (8). 
Active and reactive powers for phase p at bus i presented in terms of the phase voltage magnitudes and angle are described in (14) 
Problem formulation
The objective functions to be minimized are the system power loss, the load balancing index, and the number of switching operations of sectionalizing and tie switches. Tabu search are employed to generate on/off patterns of the switches. The three objectives of each pattern can then be computed. Each objective is fuzzified using the membership function presented in Section 4 The max-min principle is applied to determine the optimal solution. The objective function can be written as
Where Z =fuzzy decision for an optimal solution T h =fuzzy decision for the objectives being considered NT =number of solutions in Tabu list μ(PL ) t =membership value for power loss of feeder reconfiguration pattern t μ(LB ) t =membership value for load balancing of feeder reconfiguration pattern t μ(SW ) t =membership value for the number of switching operations of feeder reconfiguration pattern t N neighbor =number of solutions neighborhood The objective function is subjected to the following constraints. 1) Power flow equations 2) Bus voltage limits:
3) Feeder capability limits: 
Algorithm by Tabu search
The Tabu search algorithm is applied to solve the optimal or near optimal solution of the feeder configuration problem by taking the following steps:
Step 1: Read the bus, load and branch data of a distribution system including all the operational constraints.
Step 2: Randomly select a feasible solution from the search space: 0 S ∈ Ω, where S 0 is an initial solution and Ω is the search space.
Step 3: Set the size of a Tabu list, maximum iteration and iteration index m= 1.
Step 4: Let the initial solution obtained in step 2 be the current solution and the best solution: S = S 0 best , and S = S current 0 , where S best is the best solution in the search space and S current is the current solution in search space.
Step 5: Perform a power flow analysis to determine power loss, bus voltages, and branch currents.
Step 6: Determine the membership values of all the objectives.
Step 7: Calculate
. The value of T h represents the decision in a fuzzy environment that can be viewed as the intersection of the membership functions of objectives (Zimmermann, 1987) . The intersection of membership functions is defined by the minimum operation.
Step 8: Calculate the objective function of S best by { } f(S ) = Z = max T best h . The value of Z indicates the highest degree of membership in the fuzzy decision (Zimmermann, 1987) and is assigned to be the aspiration level.
Step 9: Generate a set of solutions in the neighborhood of S current by changing the switch numbers that should be opened. This set of solutions is designated as S neighbor .
Step 10: Calculate the aspiration level for each member of S neighbor and choose the one that has the highest aspiration level, S neighbor_best .
Step 11: Check whether the attribute of the solution obtained in step 10 is in the Tabu list. If yes, go to step 12, or else S = S current neighbor_best and go to step 13.
Step 12: Accept S neighbor_best if it has a better aspiration level than f best and set S= S current neighbor_best , or else select a next-best solution that is not in the Tabu list to become the current solution.
Step 13: Update the Tabu list and set m=m+1.
Step 14: Repeat steps 7 to 13 until a specified maximum iteration has been reached.
Step 15: Report the optimal solution.
Case study
The test system for the case study is a radial distribution system with 69 buses, 7 laterals and 5 tie-lines (looping branches), as shown in Fig. 11 and 53 with capacities of 300, 200, 100, and 400 kW, respectively. The base values for voltage and power are 12.66 kV and 100 MVA. Each branch in the system has a sectionalizing switch for reconfiguration purpose. The load data are given in Table 1 and  Table 2 provides branch data (Savier & Das, 2007) . The initial statuses of all the sectionalizing switches (switches No. 1-68) are closed while all the tie-switches open. The total loads for this test system are 3,801.89 kW and 2,694.10 kVAr. The minimum and maximum voltages are set at 0.95 and 1.05 p.u. The maximum iteration for the Tabu search algorithm is 100. The fuzzy parameters associated with the three objectives are given in Table 3 .
Bus Number Six cases are examined as follows: Case 1: The system is without feeder reconfiguration Case 2: The system is reconfigured so that the system power loss is minimized. Case 3: The system is reconfigured so that the load balancing index is minimized. Case 4: The same as case 2 with a constraint that the number of switching operations of sectionalizing and ties switches must not exceed 4. Case 5: The system is reconfigured using the solution algorithm described in Section 4. Case 6: The same as case 5 with system 20% unbalanced loading, indicating that the load of phase b is 20% higher than that of phase but lower than that in phase c by the same amount. Table 3 . Fuzzy parameters for each objective
The numerical results for the six cases are summarized in Table 4 . In cases 1-5 (balanced systems), the system power loss and the LBI are highest, and the minimum bus voltage in the system violates the lower limit of 0.95 per unit. The voltage profile of case 1 is shown in Fig. 12 As expected, the system power loss is at minimum in case 2, the LBI index is at minimum in case 3, and the number of switching operations of switches is at minimum in case 4. It is obviously seen from case 5 that a fuzzy multiobjective optimization offers some flexibility that could be exploited for additional trade-off between improving one objective function and degrading the others. For example, the power loss in case 5 is slightly higher than in case 2 but case 5 needs only 6, instead of 8, switching operations. Although the LBI of case 3 is better than that of case 5, the power loss and number of switching operations of case 3 are greater. Comparing case 4 with case 5, a power loss of about 18 kW can be saved from two more switching operations. It can be concluded that the fuzzy model has a potential for solving the decision making problem in feeder reconfiguration and offers decision makers some flexibility to incorporate their own judgment and priority in the optimization model.
The membership value of case 5 for power loss is 0.961, for load balancing index is 0.697 and for number of switching operations is 0.666. When the system unbalanced loading is 20% in case 6, the power loss before feeder reconfiguration is about 624.962 kW. The membership value of case 6 for power loss is 0.840, for load balancing index is 0.129 and for the number of switching operations is 0.666. The voltage profile of case 6 is shown in Fig. 14. 
Conclusion
A fuzzy multiobjective algorithm has been presented to solve the feeder reconfiguration problem in a distribution system with distributed generators. The algorithm attempts to maximize the satisfaction level of the minimization of membership values of three objectives: system power loss, load balancing index, and number of switching operations for tie and sectionalizing switches. These three objectives are modeled by a trapezoidal membership function. The search for the best compromise among the objectives is achieved by Tabu search. On the basis of the simulation results obtained, the satisfaction level of one objective can be improved at the expense of that of the others. The decision maker can prioritize his or her own objective by adjusting some of the fuzzy parameters in the feeder reconfiguration problem.
